Research on bone and teeth mineralization in animal models is critical for understanding human pathologies. Genetically modified mice represent highly valuable models for the study of osteo/dentinogenesis defects and osteoporosis. Current investigations on mice dental and skeletal phenotype use destructive and time consuming methods such as histology and scanning microscopy. Micro-CT imaging is quicker and provides high resolution qualitative phenotypic description. However reliable quantification of mineralization processes in mouse bone and teeth are still lacking. We have established novel CT imaging-based software for accurate qualitative and quantitative analysis of mouse mandibular bone and molars.
INTRODUCTION
Research on bone and teeth mineralization in animal models is critical for understanding human pathologies. Genetically modified mice are highly valuable models for research on bone and tooth mineralization, and for better understanding of human bone and teeth pathologies [1] . Current investigations on mice dental and skeletal phenotype use destructive and time consuming methods such as histology and scanning microscopy. Micro-CT imaging is quicker and provides high resolution qualitative phenotypic description.
However reliable quantification of mineralization processes in mouse bone and teeth are still lacking. We have established novel CT imaging-based software for (i) acurate qualitative and quantitative analysis of mouse mandibular bone, (ii) 3D reconstruction of molar pulp chamber, providing a unique tool for the quantitative evaluation of dentinogenesis.
MATERIALS AND METHODS

Method overview
A micro-CT, originally devoted to industrial applications, was used to obtained high resolution 3D images of mouse mandibles. Before data analysis, grey level calibration was achieved. Qualitative and quantitative analysis were computed allowing complex visualization and 3D measurements (Figure 1 ). 
Mandible samples
Data were obtained from mandibles of mice lacking the Fibromodulin gene (KOFM mice 10 weeks old), which is knowed to be involved in mineralization processes [2] , and compared to wild type mice (16 mice/group).
Micro-CT imaging
For high-resolution 3D imaging of mandibles, we used a micro-CT originally devoted to industrial applications (Viscom, X8060 NDT). The X-Ray source, designed with a molybdenum target, was set up with a voltage of 60kV and a current of 200µA. The exposure time was 1sec per frame. Mandible 3D images had an isotropic resolution of 13µm and a dynamic range of 16 bits.
Calibration of grey levels
Contrasts in grey levels of CT images rely on differential attenuations of X-Rays through the material. Theoretically, only monochromatic X-Ray beam, as in synchrotron, can lead to a direct linear relation between grey level and density [3] . The micro-CT X-Ray beam is polychromatic and may give rise to artifactual variations of the grey scale. The principal artifact, beam hardening effect, leads to variations of grey level with the size of sample [3] . Different method are available for beam hardening correction [4, 5, 6, 7] . After correction, the relation between grey level and densities could be calibrated by a linear approximation [8, 9] .
For the tomographic reconstruction process, we used an option of the dedicated software (Viscom software) that allowed beam hardening correction. In order to obtain an accurate comparison between the mandibles of the two groups of mice, we performed a systematic calibration of the CT images. Two references were used (i) the enamel at the tip of the incisor, the density of which is constant in all mice, (ii) the background grey level. Histograms of 3D images were then corrected according to the defined references. This correction protocol consisted on a shift/scale operation ( Figure 2 ). 
Visualization with volume rendering
Volume rendering is a well known technique used to visualize 3D discretely sampled datasets [10] . This technique is particularly suitable to render images acquired by a CT, MRI, or MicroCT. In contrast to surface rendering, that need first primitive extraction (as for example an isosurface), volume rendering allows direct voxels visualization with opacity and color.
Implementation of volume rendering with a ray casting method, available in the VoxBox software (UsefulProgress), was used for advanced visualization of mandibles. Comparison between control and defective mouse mandibles was made by applying the same transfer function for each 3D data, thus allowing to detect shape, colour and density discrepancies.
We defined four transfer functions : one for opacity and three for color in a HSV space as illustrated in Figure 
Pulp chamber volume
The pulp chamber of the molar refers to the inner most portion of the tooth that contains the pulp. It constitutes a 3D closed region suitable for region growing method segmentation. We used the connected threshold image filter available in the Insight Toolkit [11] to extract the pulp chamber volume.
Three parameters were set as input: two thresholds of grey level and a 3D seed point. 
RESULTS
Qualitative results
Volume rendering visualization allowed to identify three distinct parts forming the mandible as shown in Figure 6 . The distal part is the most mineralized module. The central part is subdivided into an upper zone containing the three molars implanted in an alveolar bone, whereas in the lower part the basal bone encircled the incisor. The proximal part includes endochondral-derived domains: the angular, condylar and coronoid processes. The dark brown color indicates that this area is thinner and consequently less mineralized than the rest of the mandible. The proximal part of the mandible is less mineralized in KOFM than in WT mice. Hypomineralization is also observed in the alveolar bone (upper middle) but became undetectable in the basal and rostral parts of the mandible.
Transverse virtual slices across the mandible allow to analyze the inner structure of the alveolar bone surrounding the molar roots. The virtual slices, at the junction of the first and second molars, are similar and even more accurate than those obtained with scanning electron microscopy, e.g. revealing the detailed range of mineralization defects of the alveolar bone (Figure 8 ).
Fig 8:
Comparison of 2D slices across the mandible using scanning microscopy (left) and micro-CT (right). Micro-CT images allowed precise visualization of hypomineralized areas in KOFM slices, rivalizing with scanning microscopy
The marrow spaces of the medulla (trabecular zone) are larger in the KOFM mice compared with the WT. No difference is noted for the cortices.
Quantitative results on molars
The segmentation method allowed the 3D reconstruction and quantification of the entire pulp chamber volume of molars. As described in Figure 9 , KOFM mice showed a statistically significant larger volume in as compared to control mice thus revealing for the first time a defect in dentinogenesis. Morphological changes, in the length of the roots, were also observed ( Figure 9 on right). 
